An approximate theory for the process is derived, leading to a solution of the type P -Ct vs^/ D, where P is the collapse load, t the shell thickness, D the shell diameter, and C a constant for any given material. Good agreement is exhibited between this relationship and experimental results.
Introduction
IN the design of nuclear reactors having vertical fuel channels, it is necessary to guard against the accidental dropping of components, either in these fuel channels, or in other vertical channels containing, for example, control rods. To absorb the energy consequent on dropping some component, it is usual to provide energy-absorbing devices. One such device takes the form of a thin cylindrical shell arranged to buckle lengthwise when hit by the dropped component.
Considerations of damage to the components set limits on the allowable loads which can be sustained during this absorption of energy. It is therefore necessary to determine a relationship which will allow prediction of the dimensions of a shell to give the required resisting load. An empirical relationship can be determined by experiment-the following note gives an approximate theory for the process, to provide a guide for the choice of the empirical formula.
Theory
A simple mode of collapse of the tube is assumed, and the work required to achieve this mode determined. The mean collapse load is determined by equating this work to the mean collapse load multiplied by the distance through which the load operates.
There are two actual modes of collapse, one in which the tube forms symmetrical convolutions so that it takes up the appearance of a bellows, the other in which both transverse and longitudinal waves are formed. This latter mode is the general mode of collapse for thin tubes, but is too complicated to use for the present purpose. A simplified version of the 'bellows' type of collapse mode is adopted, it being assumed that the shell collapses in the form of a 'concertina' with straight-sided convolutions. One of these convolutions is illustrated diagrammatically in Fig The work done in deforming the metal into one such convolution can be split into two parts, namely that required for bending at the circular 'joints', and that required for stretching the metal between the joints.
To simplify the analysis, elastic strains and work hardening of the material are neglected, i.e. a 'plastic-rigid' material is assumed.
During an increment dd of the angle 6, the increment of work done at the three joints shown is
where M is the collapse moment per unit circumferential length of the joint.
For a narrow beam M would be equal to Y< 2 /4, Y being the yield stress in uniaxial tension or compression (assumed equal). In this case the 'beam' is essentially very wide and may be regarded as being deformed under substantially plane strain conditions during the incremental change dO. Under these circumstances, if the material obeys the von Mises criterion of yielding the direct stress will be raised to (2/V3)F, so that the collapse moment M will become (2/V3)(Fi 2 /4). Thus
The mean strain in extending the metal between the joints, during the incremental change dd, is 
The stress in these fibres will be equal to Y, the yield stress of the metal, so that the increment of work done in stretching them will be Yh dd cos 6 D +hsind' The total work done in collapsing one\.convolution, i.e. for 6 increasing from 0 to 90°, is therefore
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o This must be equal to the mean axial load P multiplied by its total displacement 2h (neglecting the thickness of the metal).
Hence, integrating equation (5), P W h is now determined, by minimizing this expression, to give
It is interesting to compare this value of h with that derived from the elastic analysis for the buckling of thin cylindrical shells,')' namely where v = Poisson's ratio. Substituting v = 0-25 gives
Substituting h = k*J(Dt) in equation (6), An alternative mode of collapse is to assume that the convolutions are formed internally instead of externally as shown in Fig. 1 . If the analysis is repeated for this case there results the following variation of equation
Bearing in mind the approximate nature of this analysis, and also that the true deformation mode lies somewhere between these two cases, it seems reasonable to adopt the mean value between equations (10) and (11), i.e. p i 2
[
Substituting k = 0-953 from equation (7) gives y
and substituting k = 1-213 from equation (9) gives
Thus, the final solution becomes of the form
.
where K =^ 6 08, Y = yield strength of the material (assumed perfectly plastic), t = thickness of the cylindrical shell, D = mean diameter. Table 1 gives data relating to experiments carried out to determine the mean collapse loads for mild steel tubes.
Comparison with experiment
The data are shown plotted in Pig. 2, on which the ordinates are P and the abscissae i 1-5 VZ). The mean straight line drawn through these points and the origin has a slope KY = 434,000 lb/in.
2 A reasonable value for the yield strength of a plastic rigid material simulating mild steel would be Y = 70,000 lb/in.
2 giving a value of 6-2 for K, compared with 6-08 from the theoretical analysis. large deformation or buckling occurs. No attempt has been made to determine the values of maxima and minima of the load during formation of the convolutions, since it is thought that a more realistic model of the true deformation mode would be necessary to give any realistic estimate.
D (in.)
The main conclusion to be drawn from this analysis is that P = Ci 1-5 VZ), where C is a constant best determined by a few experiments.
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